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ABSTRACT 


Three  hundred  twenty-three  oxide,  silicate,  and  metal 
hydride  combinations  were  prepared  and  fabricated  into  test 
specimens  by  a  variety  of  forming  and  firing  techniques.  Of 
these  combinations,  309  were  examined  electrically  for  Seebeck 
effect  and  resistivity  from  600  to  1200* the  remaining  few 
failed  in  test. 

Amongst  electronic  semiconductors  were  the  following 
n-type  examples.  Titanium  dioxide  plus  2.  O^^/o  Nb205  exhibited 
a  Seebeck  coefficient  of  -400uv/*C  and  resistivity  of  0. 1  ohm-cm 
over  the  entire  temperature  range  of  test.  Barium  titanate  plus 
0.5^^/o  NbjOs  had  a  Seebeck  coefficient  of  -1700Uv/*C  at  750 *0 
increasing  in  magnitude  to  -3000Uv/*C  at  1225*0;  the  resistivity 
of  this  composition  is  unknown  but  is  certainly  greater  than 
5  ohm-cm.  No  £-type  electronic  semiconductor  with  consistent 
carrier  type  over  the  entire  temperature  range  of  test  was 
developed. 

Positive  Seebeck  coefficients  of  considerable  magnitude 
were  developed  in  ionic  conductors;  Zr02-7^/o  Y2O3  solid  solu¬ 
tion  plus  lO^/o  Nb205  exhibited  a  Seebeck  coefficient  of  +1000uv/*C 
at  000*C  rising  to  +I600|jv/*C  at  1100*C.  The  electrical  resistivity 
of  this  composition  was  also  greater  than  5  ohm-cm.  In  general, 
most  oxide  semiconductors  examined  were  found  to  be  ionic  con¬ 
ductors;  Li2Ti03  was  the  singular  example  of  such  a  material. 

None  of  the  compositions  tested  gave  indication  of  truly 
efficient  conversion  of  heat  to  electricity;  the  above  TiO^  plus 
2.0^/o  Nb205  had  an  approximate  figure  of  merit  of  7.0  x  10**/*C. 


INTRODUCTION 


This  final  report  describes  work  performed  during  the  period  Jan.  I960 
to  Aug.  1963  under  Contract  No.  NObs  78326  (Index  Nos.  SR -010024-lBR  and 
SR-007--12-01).  The  Contract  Administrator  was  Mr.  B.  B.  Rosenbaum,  Code 
342B,  Bureau  of  Ships,  Department  of  The  Navy. 

The  ultimate  objective  of  this  work  was  the  direct  conversion  of  thermal 
to  electrical  energy  using  the  Seebeck  e^ect.  This  method  of  energy  conversion 
is  of  interest  to  the  Bureau  of  Ships  for  silent,  maintenance -free  sMp-board  and 
remote  surface  installations.  Materials  for  this  thermoelectric  conversion  were 
desired  for  operation  in  the  temperature  range  from  atmospheric  ambient  to 
approximately  1700®Co  The  work  reported  herein,  however,  was  limited  to 
certain  more  immediate  goals.  Only  poly  crystalline  ceramic  materials  were 
investigated  and  the  investigation  itself  was  of  a  preliminary  nature.  Further 
development  work  was  to  be  xmdertaken  only  if  warranted. 

The  specific  material  nature  of  this  work  had  its  origin  in  a  Research 
Proposal  submitted  by  this  laboratory  to  the  Bureau  of  Ships  on  1  May  1959. 

The  examination  of  materials  was  limited  to  a  broad,  screening  type  evaluation, 
which  was  more  extensive  than  intensive.  The  approach  to  the  problem  was  as 
follows.  For  the  temperature  range  of  interest,  700*C  to  1300*C,  the  most 
favorable  materials  were  considered  to  be  those  refractory  oxides  and  silicates 
which  exhibit  the  property  of,  or  potentiality  for,  semi  conduction.  For  simplicity, 
foreign  atom  metal  oxide  "doping^'  was  employed  to  effect  semi-conduction  by  the 
^'controlled  valency  effect".  Fabricated  materials  were  then  screened  by  electrical 
measurements;  resistivity  and  Seebeck  Coefficient  were  measured  as  a  continuous 
function  of  temperature  from  600'’C  to  1250^0.  As  a  preliminary  criterion  of 
usefulness,  the  square  of  the  Seebeck  coefficient  divided  by  the  electrical  resistivity 
was  usedto  decide  if  the  thermal  conductivity  should  be  determined.  If  the  latter 
was  warranted,  the  thermoelectric  efficiency  was  calculated;  this  needed  doing 
for  only  one  material. 

The  work  covered  by  this  report  was  under  the  general  supervision  of 
Dr.  Stephen  F.  Urban,  Director  of  Research.  Material  preparation,  under  the 
guidance  of  V/illiam  J.  Baldwin,  Chief  Ceramist,  was  done  by  Robert  Peters, 

Jerrald  L.  Bliton,  Harold  Olander,  Eugene  J,  Derefinko,  Mrs.  J.  Cologgi, 

Chester  Winiarski,  and  Joseph  A.  Vilardo.  The  design  and  construction  of 
electrical  measuring  equipment  and  the  actual  measurements  and  calculations, 
under  the  guidance  of  Ernest  G.  Graf,  Chief  Physicist,  were  carried  out  by 
Truman  C.  Rutt,  Anthony  D.  Janulionie,  Eugene  J.  Derefinko,  Joseph  J.  Goslin, 
and  Joseph  A.  Vilardo. 

Robert  Peters  wrote  the  portion  of  this  report  that  covers  material 
preparation  and  fabrication,  Eugene  J.  Derefinko  wrote  the  portion  that  deals 
with  electrical  instrumentation  and  measurement;  they  also  prepared  the 
tabulations  and  illustrations. 


-2- 


SUMMARY 


Certain  epecific  results  of  this  work  are  collected  below  under  "Con¬ 
clusions'*;  the  most  notewhorthy  of  these  are  presented  in  accompanying  illustra¬ 
tions.  The  total  remaining  results  are  given  in  an  Appendix  of  three  tables.  The 
"Conclusions"  are  drawn  from  observations  on  approximately  20  compositions; 
interpretation  is  confined  to  the  few  principles  known  to  apply  to  the  type  of  materials 
under  investigation.  The  "Recommendations"  following,  are  prognosticative  in 
nature  but  very  practical  in  origin. 

A  satisfactory  oxide  ceramic  composition  for  efficient  conversion  of  heat 
to  electricity  did  not  evolve  from  the  present  work. 

Conclusions 

Titanium  dioxide,  when  modified  by  addition  of  from  1.0  to  5.0*^/o  Nb205 
and  Ta205,  is  a  moderate  n-type  thermoelectric  having  a  Seebeck  coefficient  of 
-400ji  v/®C  from  600  to  IZOUT^C.  The  Nb205  additions  have  an  electrical  resistivity 
of  approximately  0.  1  ohm -cm  while  that  of  the  Ta^Os  additions  is  about  0.5  ohm-cm. 
TiO^  +  2*0^^/o  Nb205  has  an  approximate  figure  of  merit  of  7.0  x  10  ®/®C. 

Niobium  pentoxide  appears  to  be  a  universal  dope  for  conversion  of  oxide 
ceramics  to  thermoelectric  semiconductors.  In  addition  to  Ti02»  there  are  Ce02+ 
4.0^^/o  Nb205  exhibiting  -500’’  v/®C  and  1.5  ohm-cm,  and  3aTiO3+0.  5^/o  Nb205 
exhibiting  -1700  to  -3000mv/®C  and  resistivity  greater  than  5  ohm-cm.  Amongst 
materials  having  a  positive  Seebeck  coefficient,  Nb205  added  to  Zr02- 

7*^/o  Y2O3  solid  solution  effects  an  ionic  p-type  thermoelectric  exhibiting  +1000  to 
+  I600)iv/*C  and  resistivity  greater  than  0  ohm-cm. 

Oxide  ceramic  thermoelectrics  tend  to  be  ionic  conductors,  particularly 
those  with  positive  Seebeck  coefficients.  In  addition  to  the  Zr02 -based  compositions 
as  mentioned  above,  Li2Ti03  with  additions  of  oxides  of  a  wide  range  of  oxidation 
states  appear,  with  one  exception,  to  be  ionic  conductors.  From  900  to  1200 *0 
Li2Ti03  +  5.0  /o  Ce02  has  an  average  Seebeck  coefficient  of  +1400Uv/®C  and  an 
average  resistivity  of  25  ohm-cm.  The  orthochromites  of  lanthanium  and  yttrium 
are  also  ionic  with  +500  to  +1100Uv/®C  Seebeck  coefficient  and  resistivities  down 
to  1  to  2  ohm-cm. 

High  temperature  £-type  electronic  semiconductors  are  extremely  difficult 
to  achieve  using  oxide  ceramic  materials.  All  such  compositions  prepared  by 
controlled -valency  doping  become  intrinsic  at  high  temperature.  On  the  other 
hand,  titanium -containing  high  dielectric  constant  insulators  are  readily  con¬ 
verted  to  n-type  electronic  semiconductors  with  appreciable  negative  Seebeck 
coefficients;  the  Nb205-doped  BaTiOj  above  is  the  prime  example. 

Structurally,  the  most  favorable  materi>*'le  investigated  were  based 
on  a  face -centered  cubic  array  of  oxygen  atoms  with  metallic  ions  distributed 
in  the  interstices.  These  metallic  ions  were,  in  part,  of  the  transition  metals 
and  octahedrally  surrounded  by  six  oxygen  atoms. 
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R  e  comm  endation  a 


Zxtenaive  examination  of  1^0$  and  the  niobates  should  be  undertaken 
to  determine  if  Nb205  has  an  even  broader  use  in  producing  thermoelectric  effects 
in  oxide  ceramics  and  to  determine  if  other  niobates  than  those  of  lead  are  con¬ 
vertible  into  thermoelectrics. 

High  dielectric  constant  insulatorsi  including  titanates,  should  be  tested 
for  thermoelectric  effects.  ^Experience  indicates  that  when  such  materials  are 
converted  to  semiconductors  by  doping*  the  electrical  resistivity  decreases  with 
increasing  temperature.  Since  the  Seebeck  coefficienti  at  least  for  doped  BaTiOj* 
increases  in  magnitude  with  increasing  temperature,  such  materials  may  be 
susceptible  to  further  modification  to  take  advantage  of  both  a  large  Seebeck 
coefficient  and  the  increased  number  of  carriers  which  are  freed  at  high  tempera* 
ture.  Cadinium  niobate  is  suggested  as  an  example. 

An  investigation  should  be  initiated  of  refractory  oxides  for  the  development 
of  £-type  electronic  semiconductors  which  do  not  become  intrinsic  at  high  tempera¬ 
tures.  Co-valent  oxides  which  have  properties  similar  to  some  of  those  of  SiOj 
should  be  given  first  consideration  and  ionic  compounds  avoided  absolutely. 

Separate  from  thermoelectric  phenomena,  some  of  the  ionic  semiconductors 
observed  in  this  work  should  be  investigated  for  use  as  high  temperature  solid 
electrolytes.  Lji2Ti03  is  strongly  recommended  for  such  consideration  and  L»aCr03 
and  YCr03  are  also  suggested. 

PREPARATION  OF  lAAT^RlAhS 


The  raw  materials  for  this  work,  from  some  of  which  further  compounds 
and  solid  solutions  were  prepared,  are  listed  in  Table  1;  the  compound,  purity, 
and  source  are  given.  These  materials,  which  include  both  base  materials  and 
"dopants",  were  used  in  two  ways;  as  base  materials  to  which  "dopants"  were 
added,  and  to  synthesize  other  compounds  to  which  "dopants  were  then  added. 

The  compounds  and  solid  solutions  prepared  are  listed  in  Table  II.  For  each 
preparation,  the  reactants  and  conditions  of  synthesis  are  given.  Additions  to 
base  materials  were  of  two  orders  of  magnitude.  In  a  few  cases  major  additions 
were  made;  these  actually  resulted  in  binary  system  phases.  Minor  additions 
were  made  in  most  cases  and  these  were  limited  to  several  mol  percent  of  "dopant". 

For  additions  to  the  base  materials,  a  Standard  Series  of  Additions  of  dopant 
was  chosen  as  0.1,  O.Z,  0.5,  1.0,  Z.O,  5. 0  mol  percent.  This  range  of  concentra¬ 
tions  was  selected  because  it  covers  the  apparent  pertinent  range  of  doping  for 
oxides  to  produce  semi-conduction  by  the  controlled  valency  effect.  The  increment 
relation  was  selected  because  it  is  approximately  equi-spaced  linearly  through  two 
decades  of  the  base-10  logarithm  scale.  V/hen  residts  from  an  entire  Standard 
Series  indicated  that  other  dope  levels  might  produce  better  thermoelectric  effects, 
then  intermediate  additions  of  3.0  and  4.0  mol  percent  or  extended  additions  of 
4,0,  7.0,  and  10.0  mol  per  cent  were  prepared. 

The  uniform  procedure  devised  for  preparation  of  all  Standard  Series  of 
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Additions  vi/ae  as  foUows.  All  materials  were  weighed  on  balances  sensitive 
relative  to  the  amount  being  weighed.  The  addition  for  each  member  of  the  Series 
was  pre-mixed  with  a  small  amount  of  the  base  material  in  a  Spex  Mixer/Mill 
for  3  minutes.  This  pre-rnb:  and  the  remainder  of  the  base  material  were  then 
wet  blended  using  water  in  a  laboratory  ball  mill  for  one-half  hour.  The  mill 
discharge  was  dried  at  350®F  for  16  hours  and  then  passed  through  a  laboratory 
Mikropulverizer.  For  those  systems  requiring  calcination  prior  to  fabrication, 
the  calcination  was  followed  by  wet  ball-milling  to  -3Z5  mesh. 

FABRICATION  OF  SHAPES 


A  Standard  Ceramic  Body  was  designed  as  the  test  shape  for  electrical 
properties.  It  was  desired  that  this  final  sintered  shape  be  a  right  parallelepiped 
having  approximate  dimensions  of  V4”  thickness,  Vz”  width,  and  2V2*'  length.  Thus 
the  ratio  of  thicluiess  to  width  to  length  was  1  to  2  to  10.  These  shape  and  dimen¬ 
sion  conditions  were  chosen  in  order  to  meet  requirements  for  determination  of 
electrical  resistivity  by  the  4 -point  probe  method  when  all  four  points  of  contact 
are  co -planar.  To  effect  this  shape,  an  opposing  double -plunger  die  was  designed 
such  that  the  dimensions  of  the  green  body  were  2^4^’  by  ^/lo"  and  of  variable  thickness 
depending  on  the  particular  material.  The  female  die  recess  was  sufficiently  deep  to 
accommodate  the  necessary  amount  of  material,  regardless  of  density,  to  insure 
V4"  sintered  thickness.  This  entire  assembly  was  mounted  on  a  Blackhawk  Porto- 
Power  Press  provided  with  double  acting  20  ton  hydraulic  rams. 

The  final  composition^  as  -325  mesh  powders,  were  prepared  for  forming 
by  the  addition  of  a  binder;  5^/o  of  a  solution  of  5^/o  polyvinyl  alcohol  in  water  was 
used.  The  powders  were  loaded  into  the  die  and  the  green  bodies  were  formed  by 
double  action  at  10,000  pei  for  5  seconds.  The  green  bodies  were  sintered,  under 
their  respective  varying  conditions,  in  three  different  kilns,  A  muffle -type  Harper 
electric  kiln  with  SiC  heating  elements  was  used  for  sinterings  up  to  2600®F,  For 
temperatures  between  2600  ®F  and  3150'*F,  a  gas -fired,  down-draft  kiln  constructed 
in  this  laboratory  was  employed.  For  those  compositions  containing  metal  hydrides, 
an  especially  constructed  Harper  electric  kiln  with  molybdenum  elements  and 
atmospheric  control  of  both  element  and  specimen  chambers  was  used  to  de-hydride 
the  oxide -hydride  composites.  Insofar  as  it  was  possible,  optimum  conditions  of 
sintering  were  determined  experimentally  for  each  composition.  The  actual  con¬ 
ditions  of  sintering  of  each  composition  are  given  in  the  tabulations  described  below. 

The  sintered  Standard  Ceramic  Body  was  electroded  at  each  end  of  one  of 
the  lateral  surfaces.  This  was  to  insure  electrical  contact  between  the  material 
and  the  external  current  leads  for  resistance  measurements  by  the  4-point  method* 
Hanovia  No.  6082  platinum  paste  was  applied  with  a  small  screed  and  fired-on  by 
heating  to  1500*F  with  a  ^1^  hour  hold  time. 
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ZCUIPM-^NT  AMD  TDCHNlr.U3  OF  MjlASUR:::ivn:NT 


Ceramic  Properties 

All  ceramic  properties  were  determined  from  the  various  weighings, 
described  below,  of  the  Standard  Ceramic  Body.  All  weighings  were  made  on  a 
Mettler  Type  H-15  single  pan,  precision  analytical  balance.  Distilled  water 
was  used  as  the  weighing  and  saturation  media;  to  insure  saturation,  all  specimens 
were  boiled  in  water  for  Z  hours.  Cach  Standard  Ceramic  Body  was  weighed  dry, 
saturated,  and  then  suspended.  From  these  weighings  were  determined  absorp¬ 
tion,  apparent  density,  bulk  density,  and  porosity;  only  the  latter  two  characteristics 
are  reported  as  being  the  most  important.  The  bulic  density  was  obtained  as  the 
quotient  of  dry  weight  by  the  difference  between  saturated  weight  and  suspended 
weight.  The  porosity  was  obtained  from  the  difference  between  saturated  and  dry 
weights  di^ed  by  the  difference  between  saturated  and  suspended  weights. 

Electrical  Properties 


Measurement  of  electrical  properties,  as  a  function  of  temperature  to 
1250®C,  was  accomplished  with  a  somewhat  elaborate  complex  of  equipment. 

A  hori25ontal  tube  furnace,  with  a  Kanthal  REH  10-30  1800  watt  heating  element, 
was  constructed  to  provide  the  high  temperature  environment.  The  heating  element 
contained  a  4"  OD  zircon  tube  of  V4"  wall  thickness  as  a  liner;  a  hot  zone  of 
approximately  6*'  length  was  obtained  within  the  liner. 

A  double,  parallel  position  specimen  holder  of  rectangular  channel  shape, 

Z’’  long  and  V2"  inside  width,  was  fabricated  of  insulating  alumina  impregnated  with 
alumina  cement.  A  specimen-contact  thermocouple  (Pt-?t  10%  Rh)  was  provided 
at  each  end  of  the  bottom  of  each  channel,  with  a  non-contact  thermocouple  (Pt- 
Pt  10%  Rh)  in  a  well  adjacent  to  the  "cold"  end  contact  thermocouple.  Four  point 
contacts  (Pt),  linearly  spaced  Vj"  apart,  were  provided  in  an  alumina  block  which 
fit  inside  the  channel  and  rested  on  top  of  the  specimen.  These  contacts  were 
for  the  current  leads  and  "floating  voltage"  probes. 

1.  Auxiliary  Equipment 

Figure  I  is  a  schematic  diagram  of  the  circuitry  for  control,  switching, 
and  timing  of  all  measurement  instrumentation.  The  timer  is  set  for  a  period 
long  enough  to  encompass  both  the  heating  and  cooling  cycles  of  the  furnace, 

Z5*C  to  1Z50®C  to  600®C,  and  the  timer  contacts  closed.  This  furnishes  power 
to  the  amplfier  and  the  recorder  and  closes  Relay  No.  3.  Relay  No.  1  is  then 
activated  by  mechanical  pushbutton,  turning  on  the  power  to  the  furnace  and  the 
V/heelco  furnace  control.  The  furnace  control  then  turns  on,  completing  the 
circuit  for  the  coil  of  Relay  No.  1  and  also  Relay  No.Z.  When  Relay  No.Z  is 
activated  (heating  cycle),  the  circuit  for  the  Automatic  Resistance  Range  Switching 
Operation  (ARRSO)  is  completed  and  resistance  measurements  are  made.  V/hen 
the  furnace  reaches  temperature  (IZSO^C),  the  V/heelCo  furnace  control  breaks 
the  circuit  for  Relays  Nos.  1  and  Z  shutting  off  the  furnace  and  V/heelco  Control, 
thus  starting  the  cooling  cycle.  In  the  deactivated  position  Relay  No.Z  shuts  off 
the  power  to  the  ARRSO  and  furnishes  power  to  the  relays  of  the  Automatic 
Seebeck  Coefficient  Measuring  Apparatus  (ASCMA).  At  the  completion  of  the 


cooling  cycle  the  timer  opens  the  timer  contacts,  S|.|  shutting  off  the  po^er 
to  the  timer  motor,  amplifier,  recorder,  and  Relay  No.  3*  In  the  deactivated 
position.  Relay  No. 3  breaks  the  power  to  the  ASCIvlA.  Relay  No. 3  also  acts  as 
a  fail-safe  device  in  that  should  the  AC  power  to  the  recorder  fail,  the  DC  power 
to  the  ARRSO  and  ASCIvlA  will  be  shut  off,  thus  preventing  the  intermittent  duty 
type  relays  from  burning  out  if  the  recorder  stops  in  a  position  operating  the 
relays. 

2.  Resistance  Measurement;  Automatic  Resistance  Range  Switching  Operation 

Figure  II  is  a  schematic  diagram  of  circuitry  for  the  measurement  of 
electrical  resistance*,  the  operation  is  as  follows:  At  recorder  points  5  and  6 
the  recorder  closes  Sj  operating  Relays  Nos.  1,  2  and  3.  Relay  No.  1  is  a  SPST 
relay  connecting  the  power  supply  output  from  R9  through  Relays  Nos.  2  and  3  to 
the  specimen  current  probes.  Relay  No. 2  is  a  4PDT  latching  relay  which  reverses 
the  polarity  of  the  current  to  the  specimen  upon  activation.  Relay  No.  3  is  a 
4PDT  relay  which,  in  the  activated  position  on  recorder  points  5  and  6,  connects 
the  current  supply  to  sample  1  and  connects  the  top  voltage  probes  of  sample  1, 
through  the  reversing  Relay  No.  2,  to  recorder  point  5.  In  the  deactivated  position 
Relay  No.  2  connects  the  top  voltage  probes  of  sample  2,  through  reversing  Relay 
No.  2,  to  recorder  point  11  and  connects  the  current  supply  to  sample  2.  During 
the  10  sec.  print  interval  of  recorder  point  5,  the  following  takes  place:  If  the 
voltage  across  the  specimen  is  greater  than  20  mv,  S3  on  the  recorder  is  activated^ 
if  S3  remains  closed  for  longer  than  the  one  second  time  delay  afforded  by  R|  and 
Cl  of  Relay  No. 4,  Relay  No.  4  closes  and  remains  closed  (due  to  a  holding  circuit) 
shorting  out  the  top  voltage  probes  and  precision  resistors  R7,  R®,  R9.  Thus 
under  the  conditions  v^here  the  specimen  has  a  resistivity  of  5  ohm-cm  or  greater, 
recorder  points  5  and  6  print  zero.  If,  on  the  other  hand,  when  recorder  point 
5  comes  into  print  position  and  S2  is  activated  and  the  drop  across  the  top  probes 
is  between  2  mv  and  20  mv,  then  no  switches  are  activated  and  recorder  point  5 
records  the  "floating’'  voltage  representative  of  true  resistance  and  recorder 
point  6  records  the  voltage  across  the  known  resistance  R^+Rg+R^, 

If  the  drop  across  the  top  voltage  probes  is  less  than  2  mv,  switch  S4 
is  activated^  if  S4  is  closed  for  one  second.  Relay  No.  5  is  closed  which  switches 
out  dropping  resistor  R4  and  precision  resistor  R7.  If  this  increase  in  current 
is  sufficient  to  drive  the  recorder  above  2  mv,  recorder  point  5  prints  the  top 
probe  voltage  as  before,  and  recorder  point  6  prints  the  voltage  drop  across  the 
known  resistance  Rg+R^.  If  the  recorder  still  remains  below  2  mv,  Relay  No.  6 
activates  one  second  after  Relay  No.  5,  switching  out  dropping  resistor  Rg  and 
precision  resistor  Rg.  Then  recorder  Point  5  prints  the  top  probe  voltage  and 
recorder  point  6  prints  the  voltage  drop  across  precision  resistor  R^.  Thus 
there  are  three  approximate  current  ranges  of  2  ma,  15,  rna,  and  100  ma  corres¬ 
ponding  to  range  resistors  (R7+R8+R9,  (Rg+R9),  and  R9  respectively.  Now  since 
the  top  probe  voltage  and  voltage  across  the  appropriate  range  resistor  are  known, 
the  exact  current  can  be  computed;  from  the  voltage  drop,  the  exact  current,  and 
sample  dimensions,  the  resistivity  can  be  computed. 
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A  aimilar  process  occurs  for  recorder  point  11  and  12  except  that 
Relaya  N084  2  and  3  are  not  activated  when  5%  is  operated  for  points  11  and 
12*  Since  Relay  No.  2  is  activated  in  alternate  recorder  cyclest  the  polarity 
of  the  current  and  the  consequent  polarity  of  the  top  voltage  probes  is  reversed 
for  every  other  recording.  Hence  it  is  possible  to  cancel  the  Seebeck  effect 
on  the  resistivity  by  averaging  two  successive  recordings  of  the  top  voltage 
probes.  The  time  delay  circuits  are  necessary  to  allow  the  recorder  time  to 
balance  in  range  before  switching  occurs. 

Calculation  of  resistivity:  Consider  any  given  Standard  Ceramic  Body 
tmdergoing  two  successive  measurements,  with  the  indicated  current  reversal: 


h- 

• 

.  r 

Rs 

1. 

Hi 


_ .u _ ^ 

v\  './'V  w 

Hi 


Assume  that  the  Seebeck  voltage  and  the  sample  resistance  Rg 
remain  constant  for  two  successive  recorder  prints  of  the  top  probe  voltages 
S|  and  S2  and  of  the  voltages  and  across  the  precision  resistors  R| 
and  R2t  then 

“  ^1  ’^z  “  ^2  ^  s  *  -^s 

adding;  ill  +  E2  =  Rg  (Ij  +  I2) 

but  lx  =  fill  and  I2  = 

Hi  Bz 

substituting  Hg  = 

Ej.1  R2  +  Hi 

Under  moat  conditions  the  Seebeck  voltage  is  not  large  enough  to  cause  a  switching 
of  ranges  so  Ri  =  R2  and  ^ra*  Hence  the  equationfor  sample  resistance 

becomes 

Rg  ::  Rj 

2  3^. 


•8* 


Knowing  the  resistance  Rg  for  any  given  samplei  the  cross  sectional  area 
and  the  distance  L  between  the  top  voltage  probes,  the  resistivity  is 


Ps  = 


s  A 


L 


or 


(Zi  +  :S2)  (Ri  Rz) 


R*  ’h 


-rz 


Ri 


L 


3.  Resistance  Meaeurerneny  Manual  Operation 

Certain  Standard  Ceramic  Bodies  with  large  Seebeck  Coefficients,  had 
resistivities  greater  than  the  5  ohm-cm  limit  of  the  ARRSO^  the  resistance  of 
these  specimens  were  measured  mcinually.  The  4-point  probe  method  was 
employed  with  the  same  sample  holder  and  contacts  designed  for  the  ARRSO* 

Four  1^4  volt  dry  cell  batteries  connected  in  series  furnished  the  current  supply* 
The  measured  ^^floating  voltage*’  was  read  from  a  Lfeeds  and  Northrup  K-2 
Potentiometer  using  a  galvanometer  to  indicate  balance.  The  specimen  tempera¬ 
ture  was  read  from  a  Leeds  and  Northrup  portable  potentiometer  indicator. 

Figure  III  shows  the  circuitry  and  apparatus  used  to  switch  the  voltage  and  current 
connections  from  one  sample  to  the  other.  This  switch-gear  was  also  used  to 
reverse  the  current  through  the  specimen  so  that  the  effect  of  the  Seebeck  voltage 
could  be  eliminated.  The  resistance  was  obtained  from  the  voltage  drop  across 
the  specimen,  Zj,  and  the  voltage  drop,  across  the  known  resistor  Rj^. 

Then  the  current  was  reversed  and  and  were  obtained.  The  resistance 
was  calculated  as  follows: 
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Rx 


1 — 
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^rz 
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If  s  resistance  of  specimen^  and 

R|  s  resistance  of  known  resistor^ 


then 


-^V.t.,g2  =  Ii  +  I2 

Rx 

and  - - - -  =  Ij  +  I2  ; 

Ri 

equating  the  left-hand- side  of  these  gives 

R  -  Ui  +  Ri 
+  ^rz) 

and  p  ”  R  A  (cross  section) 

^  L  (probe  gauge -length) 

For  each  set  of  data^  the  furnace  was  allowed  to  stabilize  at  temperature 
so  that  El  and  E2  were  obtained  at  the  same  temperature*  A  specimen-contact 
thermocouple!  shown  in  Figure  III9  was  used  to  obtain  the  temperature  of  measure¬ 
ment* 

4.  Seebeck  Coefficient  Measurement 


Figure  IV  is  a  schematic  diagram  of  the  Automatic  Seebeck  Coefficient 
Measuring  Apparatus*  The  temperature,  Seebeck  voltage,  and  temperature  gradient 
producing  the  Seebeck  voltage  in  the  two  specimens  are  all  recorded  with  the  Leeds 
and  Northrup  Speedomax  Type  G  Recording  Potentiometer*  The  recorder  prints 
at  10  sec*  intervals  and  measures  Zo  mv*  full  scale* 

For  sample  1  the  temperature  is  printed  at  recorder  point  1  from  the 
thermocouple  not  in  contact  with  the  sample.  Point  2  prints  the  Seebeck  voltage 
with  respect  to  platinum  from  the  platinum  leads  of  the  two  thermocouples  in 
contact  with  the  specimen*  The  Seebeck  voltage  is  fed  to  the  recorder  in  series 
with  an  external  +10.0  mv  from  a  Leeds  and  Northrup  potentiometer  indicator* 

This  +10*0  mv.  effects  a  center  scale  zero  on  the  recorder,  the  recorder  then 
prints  both  the  sign  and  magnitude  of  the  Seebeck  voltage  indicating  £-^  and/or 
n-type  semiconduction*  At  recorder  points  3  and  4  Relay  No*  1  is  energized 
connecting  the  thermocouples  from  sample  1  to  Relays  Nos*  2  and  3*  At  recorder 
point  3  Relay  No*  2  is  energized  connecting  the  non-contact,  or  coldest,  thermo¬ 
couple  in  differential  with  the  cold  zone  contact  thermocouple^  this  differential 
output  is  amplified  100  X  and  printed*  At  recorder  point  4  the  non-contact 
thermocouple  is  connected  in  differential  with  the  hot-zone  contact  thermocouple^ 
this  output  is  also  amplified  100  x  and  printed*  A  similar  process  takes  place 
at  recorder  points  7,  8,  9  and  10  for  sample  2  with  Relay  No*  1  in  the  de-energized 
position*  V/hen  both  Relays  Nos*  3  and  4  are  in  the  de-energized  position,  the 
input  to  the  amplifier  is  shorted  out  giving  faster  amplifier  response  at  recorder 
points  3,  4  and  9,  10* 
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The  difference  between  recorded  emfs  of  eay  points  3  and  49  divided 
by  the  thermoelectric  sensitivity  of  Pt  vs  Pt-10%  Rh  at  a  given  temperature, 
and  then  divided  by  100  gives  the  temperature  gradient  in  sample  1.  Since  the 
See  beck  voltage  has  been  measured  and  recordedt  the  Seebeck  coefficient  can 
be  calculated*  The  reason  fot^  taking  the  differential  ernf  between  the  non-contact 
and  contact  thermocouples  instead  of  the  contact  thermocouples  directly  is  that 
for  large  Seebeck  voltages  and  low  sample  resistances!  the  resistance  of  leads 
and  relayst  connecting  both  contact  thermocouples  in  differential!  may  be  as 
large  as  the  sample  resistance  and  hence  the  Seebeck  effect  would  dominate  the 
differential  circuit  to  the  exclusion  of  the  temperature  difference* 

The  following  example  illustrates  how  the  Seebeck  coefficient  is  obtained 
from  the  recorded  data*  Recorder  point  1  was  found  to  read  5,  85  mvj  0*  15  mv 
was  added  to  compensate  for  thermocouple  cold  junction  at  room  temperature. 

The  temperature  for  6.00  mv  is  676*Ci  at  this  temperature  the  thermoelectric 
sensitivity  of  Pt  vs  Pt-10%  Rh  is  0*0103  mv.  Dividing  0*0103  mv  into  0.079  mv, 
which  was  found  ^  taking  the  difference  of  potential  between  recorder  points 
3  and  4  and  dividing  by  100,  the  temperature  gradient  is  found  to  be  7*7^C. 

From  recorder  point  2  the  Seebeck  emf  was  found  to  be  -6*45  mv  indicating  n-typc 
conduction*  Dividing  -6*45  mv  by  7*7*C  and  multiplying  by  1000  gives  a  SeeFeck 
coefficient  of  -838gLv/*C  at  676*C. 

5*  Thermal  Conductivity 


Thermal  conductivity  was  approximated  using  a  modified  form  of  the 
Thermal  Conductivity  Comparator  designed  by  Kenneth  Skinner  of  the  Naval 
Research  Laboratories.  The  major  modification  was  the  addition  of  circuitry 
to  insure  uniform  heating  cycles*  A  diagram  of  this  circuitry  is  shown  in 
Figure  V.  The  Leeds  and  Northrup  Speedomax  Type  G  4-point  Recording  Potentio.- 
meter  was  used  to  measure  the  "hot"  and  "cold"  temperatures  of  the  specimen; 
the  Brown  ILlectronik  Recording  Potentiometer  was  used  as  a  furnace  control. 

In  operation,  when  the  furnace  is  cold,  an  opposing  voltage  is  fed  in 
series  into  the  Brown  furnace  control  and  adjusted  so  that  this  voltage  plus 
furnace  thermocouple  voltage  just  equals  the  voltage  needed  to  drive  the  furnace 
control  to  the  pre-set  maximum  temperature*  The  clock  motor  of  the  programcr 
is  then  started  which  decreases  the  voltage  in  series  with  the  thermocouple  as 
a  linear  function  of  time*  The  time  for  a  cycle  is  adjusted  by  the  position  of  the 
slide  wire  before  the  voltage  adjustment*  As  the  opposing  voltage  decreases, 
the  furnace  temperature  increases  until  the  thermocouple  voltage  plus  the  new 
opposing  voltage  shuts  off  the  furnace*  This  process  repeats  continually  with 
the  furnace  increasing  in  temperature  until  the  opposing  voltage  is  reduced  to 
zero  and  the  thermocouple  supplies  all  the  voltage  at  shut-off  temperature* 

Since  the  voltage  output  is  approximately  a  linear  function  of  temperature,  the 
heating  cycle  is  approximately  a  linear  function  of  time*  A  linear  heating  cycle 
insured  reproducibility,  whereas  a  constant  input  did  not* 

The  results  obtained  from  the  Skinner  Thermal  Comparator  are  interpreted 
in  the  following  manner:  The  Leeds  and  Northrup  Recorder  prints  two  color- 
coded  sets  of  data  for  each  sample*  One  set  of  points  represents  the  temperature 
of  the  "hot"  aide  of  the  specimen  and  the  other  set  the  "cold"  side*  The  tempera¬ 
ture  gradient  in  the  specimen  is  obtained  by  difference,  from  the  raw  data,  and 
plotted  against  the  mean  temperature*  This  produces  a  curve  which  is  a  relative 
indication  of  the  thermal  conductivity  of  the  specimen;  that  is,  the  smaller  the 
thermal  gradient,  the  higher  the  thermal  conduction*  Graphical  expression  of 
this  relation  is  shown  in  Figure  VI* 
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RESULTS 


The  ^al  data,  resulting  from  measurement  of  ceramic  and  electrical 
properties^  are  presented  either  as  illustrations  or  in  tables.  In  both  cases 
the  electrical  properties  are  presented  as  a  function  of  temperature.  Electrical 
properties  of  the  most  promising  materialSf  only,  are  presented  graphically^ 
the  majority  of  the  results  are  collected  in  three  tables  in  an  Appendix  to  this  report. 

The  pertinent  ceramic  properties  of  all  specimens  screened  are  given  in 
the  Appendix^  these  properties  are  time  and  temperature  of  sintering,  bulk  density, 
and  porosity.  The  Seebeck  Coefficient  and  electrical  resistivity  both  at  a  series 
of  temperatures,  and  an  estimate  of  the  type  of  conduction  mechanism  are  also 
given  for  these  materials  which  are  not  presented  graphically. 

Seebeck  Coefficients  as  a  function  of  temperature,  for  Ti02  containing 
several  levels  of  Nb205,  are  given  in  Figure  VIlj  in  Figure  VIII  are  given  the 
electrical  resistivities  as  a  fimction  of  temperature  for  the  same  compositions. 
Figures  DC  and  X  show  the  temperature  dependence  of  Seebeck  Coefficient  and 
electrical  resistivity,  respectively,  of  TiOj  containing  several  levels  of  Ta205. 

The  materials  presented  in  these  four  figures  are  the  best  thermoelectrics 
resulting  from  this  work^  all  are  n-type  semiconductors.  The  most  favorable 
composition  is  TiO^  containing  NbzOs.  This  composition  has  an  approximate 

figure  of  merit  of  7.0  x  10*®/ ®C. 

Table  AI  in  the  Appendix  contains  ceramic  and  electrical  results  for 
compositions  based  on  simple  oxides:  TiO^,  ZrOj,  CeO^.  In  Table  All  of  the 
Appendix  are  contained  the  ceramic  and  electrical  results  for  those  compositions 
based  on  lithium  metatitanate,  Li2Ti03,  and  for  the  analogous  Li^SnOs  and  LiA102. 
The  ceramic  and  electrical  results  listed  in  Table  AIII  of  the  Appendix  are  for 
compositions  based  on  multiple  oxides:  BaTi03,  LaCr03,  YCr03,  PbNb^O^  and 
PbjNb^O^, 


DISCUSSION 


Since  thermoelectric  energy  conversion  is  essentially  an  electrical 
phenomenon,  only  that  aspect  of  the  experimental  results  are  covered  here* 
However,  the  physical  state  of  a  test  specimen,  as  regards  conventional  ceramic 
properties,  constitutes  a  prior  condition  on  the  resultant  electrical  properties. 
Chief  amongst  these  ceramic  properties  is  the  porosity  of  the  specimen.  Since 
some  Standard  Ceramic  Bodies  were  not  sintered  to  zero  porosity,  the  electrical 
effects  of  pores  should  be  pointed  out.  For  porosity  no  greater  than  a  few  percent, 
electrical  resistivity  increases  directly  with  porosity*,  at  larger  porosities,  the 
resistivity  of  the  pore  contents  enters  as  that  of  the  second  phase  of  a  mixture 
on  a  volume  basii?.  The  effect  of  pores  on  the  Seebeck  coefficient,  that  is,  the 
nature  of  the  temperature  coefficient  of  the  Fermi  level  for  pores  and  pore-solid 
interfaces,  is  not  known. 


Observation  of  Data 


The  actual  recording  of  the  raw  electrical  data^  that  is,  the  instrumental 
response  of  the  Leeds  and  Horthrup  Recording  Potentiometer,  served  as  the  basis 
of  interpreting  analysis  of  the  results.  Since  neither  Hall  effect  nor  diffusion 
effects  were  measured,  only  an  estimate  could  be  made,  as  described  below,  as 
to  the  nature  of  the  conduction  mechanism. 

The  algebraic  sign  of  the  Seebeck  coefficient,  S,  was  taken  as  a  partial 
indication  of  carrier  type:  for  Soothe  net  carrier  effect  was  assumed  to  be  due 
to  holes,  or  direct  diffusing  cations,  or  anion  vacancies^  for  S<0  the  net  carrier 
effect  was  assumed  to  be  due  to  electrons,  or  direct  diffusing  anion,  or  cation 
vacancies.  Two  supplementary  criteria  were  available  to  aid  in  the  estimation 
of  carrier  type.  A  firm,  steady  print  of  resistance,  by  the  Leeds  and  Northrup 
Recording  Potentiometer,  was  taken  to  indicate  electron  or  hole  conduction;  a 
slow,  continuous  drift  of  the  resistance  print  during  the  10  record  print  interval 
was  taken  to  indicate  conduction  by  ions,  either  direct  or  through  vacancy  mechanism. 
Alternate  high  and  low  print  of  resistance,  upon  reversal  of  direction  of  external 
current,  was  also  taken  as  an  indication  of  ionic  conduction,  although  rectification 
and  thermal  gradient  effect  are  both  possible  explanations  of  this  instrumental 
response.  Combined  with  drift,  this  alternation  of  resistance  value  was  taken  as 
certain  indication  of  ionic  conduction;  this  effect  was  observed  in  many  materials 
and  was  estimated  to  occur  in  many  other  materials,  the  resistivities  of  which 
were  too  great  to  respond  to  instrumental  limits.  These  latter  materials  are 
indicated  “ionic  uncertain"  in  the  tables  in  the  Appendix.  However,  the  thermal 
gradient  and  externally  applied  electric  field  alternately  reinforce  and  oppose 
each  other,  thus  confounding  the  above  “uncertainty". 

The  electrical  data  alone  furnished  a  criterion  of  usefulness  in  that  the 
S^/p  quotient  must  be  equal  to  or  greater  than  10*®  watt/  cm  (®C)^  in  order  to 
give  Z  10  ®/®C.  Hence,  electrical  evaluation  determined  whether  thermal 
conductivity  needed  to  be  measured;  none  of  the  materials  measured  electrically 
warranted  determination  of  thermal  conductivity. 

Simple  Oxides 

Amongst  these  compositions  the  only  materials  that  produced  a  thermo¬ 
electric  effect  were  those  based  on  either  rutile  or  fluorite  structure;  and,  indeed, 
rutile  itself  is  the  most  favorable  material  of  all  those  examined.  From  Figures 
VII  and  VIII  it  is  seen  that  1.0,  2.0,  and  5.0^^/o  Nb^Os  additions  to  TiO^  produce 
moderate  thermoelectric  semiconductors  in  the  temperature  range  from  600  to 
1200*C;  specifically,  Ti02  plus  2.  O^^/o  NbjOs  has  a  Seebeck  coefficient  of  -400uv/®C 
and  0. 1  ohm -cm  resistivity.  The  same  levels  of  additions  of  Ta205  to  Ti02, 
illustrated  in  Figures  DC  and  Z,  produce  the  same  results  with  the  important 
difference  that  Ta20$  does  not  lower  the  resistivity  of  Ti02  as  much  as  does  Nb205. 

All  of  these  compositions  are  typical  n -type,  controlled -valency  semiconductors 
with  the  aite-to-site  conduction  mechanism  characteristic  of  such  materials. 

Since  the  Seebeck  coefficient  is  the  same  for  Nb205-doped  Ti02  and  Ta20$-doped 
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TiQst  then  the  energy  of  the  electrons  ii  e::cci33  of  tlie  chomical  potential  is  the 
8a»ie«  though  the  electrical  recictivity  is  drl'orento  It  should  be  noted  that  although 
stoichiometric  imbalance  could  exist  in  these  compositions,  the  experimental 
evidence  did  not  indicate  ionic  conduction. 


It  is  to  be  erqpected  that  smaller  numbers  of  carriers  would  mean  higher 
values  of  Seebeck  coefficient  and  resi'zti/ityo  Evidence  of  this  is  seen  in  Table  AI 
for  the  composition  TiO?.  piusHDiT^^^/o  lvloC3:“1100av/®C  ani  resistivity  greater  than 
instrumental  limits  of  5  ohm-cm.  The  raw  data  for  this  composition  are  not 
sufficient,  however,  to  state  with  certainty  triat  this  is  an  n-type  electronic  conductor 


Amongst  fluorite  latructuresj  the  only  noljeworthy  electronic  semiconductor 
is  CeO^  plus  4^/o  Nb-O^:  *-5001.1  v/'^C  and  1^5  ohm -cm  over  the  temperature  range  of 
700  to  1200®C,  shown  in  Table  AI,  Thic  composition  is  similar  to  that  of  TiOz 
with  Nb205.  Apparent  ionic  conduc'  b:  .  Is  found  in  the  fluorite  structure  Zr02-7‘”/o 
Y2O3  cubic  solid  solution,  Althcur;h  c::porimcntal  evidence  was  not  obtained  here, 
it  is  well  established  that  the  conduction  mechanism  in  Zr02  is  exclusively  via 

vacancies  in  the  oxygen  sutlatticcr  I.:  Table  AI  it  is  seen  that  addition  of  10™/o 
IaiOz  to  this  ZrO/,-br..?3d  composition  resulted  in  a  Seebeck  coefficient  ranging  from 
+  1000mv/*C  to  h3600mv/''C  as  the  temperature  increased  from  900  to  1100®Ci 
relaxation  of  atoms  rroiind  an  mien  v  acancy  i*e2ults^^.n  a  net  positive  charge  and 
hence  a  positive  Seeboch  co3f.acient„  G  'lr.g  17  /o  sesquicxide,  large  numbers 
of  oxygen  vacancies  exist  yn  this  coxepcsf.tlonr  the  largo  Seebeck  coefficient  is 
attributable  to  the  tcrnpcra'urc  coeO’icicut  cf  the  electrochemical  potential  of  these 
vacancies.  The  higher  rc::'r:*tiv:.ty  .v.c ccrnpa.:yi:»g  the  large  Seebeck  coefficient  is 
expected,  but  mzy  also  b:  duo  to  sroa'^l  trr  '^f  ivence  nurr.ber.?  for  o:cygen  ions  and 
this  in  turn  to  diffu.oioa  cd.bct?  in  r.  tlj.orrral  c-r^dient  and  an  electric  field. 


Addition  cf  i0^*Vo 


to  ZrO,/''G^  k  Y-C?,  cubic  r.oiid  smation,  shown  in 
Table  AI,  produced  a  Socbock  coe;:fic:cnt  c  :  +1C00  to  +I6OO11  v/®C  ac  tlie  temperature 
ranged  from  800  to  llOC^C,  StolcLicmrG.d.cr.lly,  th:.?  composition  is  unbalanced 
in  the  opposite  dlroctron  to  that  di^cuc'^ed  alovru,  the  Y2O3  is  more  than  compensated 
for  by  the  and  the  r.ct  effect  is  3  Vo  excess  of  pentavalent  oxide.  It  was  to 

be  expected  that  the  Seebeck  ccefficit^nt  would  decrease  in  magnitude  upon  8toichio«» 
metric  compensation,  but  net  that  the  Seebeck  coefficient  would  remain  positive 
upon  over -compensation.  It  thus  anpe  arc  that  the  ionic  mechanism  of  conduction  in 
all  ZrOz  -based  compcslticne  5c  an  intribaclc  property  of  ZrO^, 


Lithium  Metatitanate 


Of  ail  those  Li^^T  103 -bused  compesitions  listed  in  Table  All,  only  two  are 
of  sufficient  consistan*  *  of  behavior  to  'varrent  discussion,  Li^TiOa  has  an  MgO- 
type  structure,  with  a  random  cuticn  lattice,  and  undergoes  an  order-disorder 
transformation  at  about  ICZS'^C,  The  ur:>r  cd  compound  appears  to  be  a  strong 
ionic  conductor,  but  the  conduction  process  ic  quite  erratic  and  ia  complicated 
by  the  order-diaorder  transforniatio. Tho  nature  of  the  conduction  process  may 
be  attributed,  in  part,  to  the  largo  difference  in  charge  of  tlie  two  similar-sised 
cations.  Another  contributhxg  factor  is  a  possible  metastability  of  Li2Ti03  indicated 
by  the  ease  of  loss  of  Li;»0  tlj.rough  volatilisation.  Hence,  practically  all  Li2Ti03- 
based  compositions  c:d.!;ibitcd  largo  roebock  coefficients  which  varied  widely  with 
temperature^  either  a  change  in  oigi:  or  a  rcardmum  or  minimum  occurred.  None 
of  tlUse  compositions  cxl:ib:.vcc  an  electrical  resistivity  small  enough  to  respond 
to  instrumental  limits, 
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Ll2Ti03  plus  0.5^/o  NiOf  Tabl^  All,  had  a  Seebeck  coefficient  increasing 
from  +1000uv/*C  at  700*C  to  +1500’'v/®C  at  1150®C,  A  negative  Seebeck  coefficient 
should  result  if  the  Ni(II)  replaces  Li  (I);  but  if  the  Ti(IV)  is  replaced,  a  £*type 
semiconductor  should  result.  Since  the  cation  sublattice  is  randomly  occupied  by 
Li(l)  and  Ti(lV),  and  Ni(ll)  is  of  the  same  size  as  both  cations  of  the  host  lattice, 
then  both  substitutions  can  occur  together,  No>w  the  electrical  resistivity  did  not 
record,  so  the  ionic  mechanism  of  conduction  remains  uncertain.  However,  a 
hole,  and/or  an  electron,  con^ibution  to  the  conduction  process  may  account  for 
the  steady,  but  increasing,  value  of  the  Seebeck  coefficient  over  the  temperature 
range  of  measurement. 

Li2Ti03  plus  2.  O^/o  Th02  had  a  Seebeck  coefficient  decreasing  from 
-850uv/®C  at  800® C  to  -lZ00uv/®C  at  1ZZ5®C«  Considered  an  uncertain  electronic 
conductor,  this  composition  is  the  only  Li2Ti03-baaed  material  which  exhibited  a 
consistent  negative  Seebeck  coefficient.  Since  Th(lV)  is  so  much  larger  than  the 
cations  of  the  host  lattice,  it  is  difficult  to  understand  how  the  foreign  cation  enters 
the  lattice.  Also,  explanation  of  the  conduction  mechanism  is  not  possible  with  the 
limited  data  available. 

Multiple  Oxides 

Structurally,  the  base  compounds  of  these  compositions  are  all  perovskite* 
like,  containing  a  transition  metal  ion  surrounded  by  an  octohedron  of  six  oxygen 
atoms.  The  alignment  of  these  octohedra,  however,  and  their  relation  to  the  other 
cation  of  the  compound,  differ  in  each  case.  It  is  significant  that  the  majority  of 
compositions  discussed  here  are  apparent  ionic  conductors. 

Barium  titanate,  a  tetragonal  perovskite,  developed  interesting  thermo* 
electric  properties  when  doped  with  0.5^/o  Nb205  as  shown  in  Table  AIII.  Although 
the  resistivity  was  greater  than  instrumental  limits  of  5  ohm*c/xi,  it  is  rather 
certain  that  this  composition  is  an  electronic  conductor.  The  Seebeck  coefficient 
ranged  from  -1700Uv/®C  at  750®C  to  *3000uv/®C  at  1ZZ5®C,  an  n*type  thermo¬ 
electric  being  produced  by  substitution  of  Nb(V)  for  Ti(IV),  The^negative  sign  and 
increasing  magnitude  of  the  Seebeck  coefficient  indicate  that  the  material  is  becoming 
an  intrinsic-type  semiconductor  as  the  temperature  increases.  The  relatively 
large  Seebeck  coefficient  may  be  attributed  to  two  factors.  As  in  the  case  of  Ti02, 
the  controlled -valency  effect  is  manifest,  though  the  resistivity  is  not  as  low.  Here, 
again,  the  carriers  have  considerable  energy  in  excess  of  the  chemical  potential 
of  the  host  lattice.  The  second  factor  is  the  large  dielectric  constant  of  BaTi03« 

When  materials  which  conduct  by  the  site-to-site  mechanism  are  doped  at  the  levels 
of  this  composition,  the  carriers  observe  the  macroscopic  dielectric  constant  of 
the  host  ra^er  than  the  electronic  structure  of  the  host  lattice.  Hence,  high 
dielectric  constant  insulators  are  readily  modified  to  semiconductors  of  substanial 
Seebeck  coefficient  by  an  increase  in  both  dielectric  constant  and  loss  factor,  the 
latter  ultimately  exceeding  100%.  Although  such  a  composition  has  a  large  niimber 
of  non-degenerate  carriers,  the  site-to-site  conduction  mechanism  is  not  effective 
enough  to  use  such  materials  for  energy  conversion. 

Lead  metaniobate,  PbNb206,  a  ferroelectric  with  a  moderately  high  dielectric 
constant,  while  not  a  distorted  perovskite,  does  contain  discrete  NbO^  octahedra. 
Addition  of  0.  5^/o  Bi203  to  PbNb206,  see  Table  AIII,  resulted  in  a  thermoelectric 
material  somewhat  similar  to  the  above  BaTi03  composition.  The  Seebeck  coefficient 
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rMffed  from  »700ilv/*C  at  700*C  to  *2100ULv/*C  at  llOO^C  with  a  pronouaced 
munroum  of  *3300Uv/*C  at  1015* C*  The  electrical  resistivity^  measured  manually 
under  static  conditions,  dropped  from  70,000  ohm-cm  at  700*C  to  66  ohm-cm  at 
1200*C,  exhibiting  the  negative  temperature  coefficient  peculiar  to  oxide  ceramic 
sem  iconductor  a  • 

Since  Bi(III)  is  intermediate  in  size  between  Pb(II)  and  Nb(V),  a  definite 
site  of  substitution  Cctnnot  be  assigned;  on  the  basis  of  electronegativity,  however, 
Bi(III)  should  substitute  for  Pb(II).  The  thermoelectric  semiconduction  could  arise 
as  a  consequence  of  the  same  effects  ascribed  to  the  BaTi03  composition  above,  j 

since  both  lead  and  bismuth  can  exist  in  other  oxidation  states*  The  negative  tempera^ 
ture  coefficient  of  both  resistivity  and  Seebeck  coefficient  indicate  that  this  composi*  j 
tion  also  tends  to  become  an  intrinsic  semiconductor  at  high  temperature*  The  \ 

decrease  in  magnitude  of  the  Seebeck  coefficient  at  temperatures  above  1015*C  ^ 

might  be  attributed  to  the  onset  of  ionic  conduction  due  to  thermal  agitation  since 
PbNb20^  melts  in  the  vicinity  of  1200*C*  It  is  of  interest  that  just  as  Nb(V)  is 
effective  as  a  dope  in  producing  thermoelectric  semiconductors,  so  also,  a  niobate 
compound  can  be  converted  to  the  same  condition  by  doping* 

The  orthochromites  of  some  of  the  l^anthanon  elements  are  perovskite-like 
compounds,  actually  having  the  garnet  structure*  The  compounds,  however,  do  not 
have  the  high  dielectric  constant  of  ferroelectrica*  Compositions  based  on  LaCrO$  ] 
and  YCrO^  exhibited  moderate  Seebeck  coefficients*,  all  are  ionic  conductors*  The  ; 
data  on  the  five  moat  noteworthy  of  these  are  summarized  from  Table  AIII  below* 


Composition 

Seebeck 

Coefficient 

!Llectrical 

Resistivity 

Temperature 

Range 

Conduction 

Mechanism 

LaCrOj  + 

5.0“/o  TiOj 

+500Uv/*C 

2-3  ohm-cm 

600  to 
llOO’C 

ionic 

LaCrOa  + 

1.0“/o  ZrOj 

+500  to 
+4'50 

1 

600  to 

1200 

ionic 

I^aCrOj  + 

5.0“/o  SnOi 

+575 

2 

600  to 

1200 

ionic 

YCrO, 

5.0“/o  TiOj 

+850 

>5 

370  to 

1170 

ionic, 

uncertain 

YCrOj  + 

0.5“/o  ZrOj 

+  1100 

^5 

700  to 

1200 

ionic, 

uncertain 

All  compositions  based  on  LaCr03  and  YCr03  were  quite  refractory  and 
very  difficult  to  sinter;  and  not  all  of  them  resulted  in  satisfactory  ceramic 
specimens*  In  all  sintering  trials,  a  dark  greenish-grey  furne-like  deposit  was 
observed  on  the  interior  of  the  sintering  container*  This  indicates  vaporization 
of  chromium  as  some  form  of  oxide*  Hence,  the  stoichiometry  of  the  base  com¬ 
pound  may  be  sufficiently  out  of  balance  to  determine  all  the  observed  effects* 

If  sufficient  loss  of  chromium  occurred,  the  number  of  vacancies  in  the  above 
compositions  may  be  of  the  same  order  of  magnitude  as  in  heavily  doped  ZrQi 
discussed  before*  The  description  of  the  observed  effects  may  then  be  that  the 
Seebeck  coefficient  is  due  to  the  temperature  coefficient  of  the  chemical  potential 
of  vacancies,  the  conductivity  due  to  diffusion  of  ions  in  the  oxygen  sublattice 
via  the  vacancy  mechanism*  However,  compensation  by  the  added  tetravalent 
oxide  very  likely  occurred* 
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Referring  to  the  above  tabulation^  certain  general  effecte  are  to  be 
noted*  Doped  YCr03  and  doped  LaCrOs  moderate  ionic  eexniconductora 
with  moderate  Seebeck  coefficients*  A  higher  Seebeck  coefficient  and  higher 
resistivity^  as  a  consequence  of  a  smaller  number  of  carrierSi  are  found  in 
YCrOs  than  in  LaCr03*  The  level  of  doping  with  tetravalent  osdde^  does  not 
appear  to  be  too  significant^  and  indeed  may  not  even  be  necessary.  Finallyi 
the  orthochromite  grouping  alone  may  be  the  determining  factor  in  the  thermo* 
electric  effects  noted.  These  observationsi  however^  depend  greatly  on  the 
extent  of  sintering.  The  orthochromites  of  yttrivim  and  lanthanum  thus  appear 
to  be  similar  to  Zr02  as  regards  an  inherent  ionic  conduction  process  at  high 
temperature* 

Positive  Seebeck  Coefficient  Semiconductors 


Since  all  the  compositions  with  positive  Seebeck  coefficients  that  are 
discussed  above  are  ionic  conductors^  p*type  electronic  materials  should  be 
given  separate  attention.  High  temperalure  £*type  semiccndiction  is  virtually 
impossible  to  achieve  in  any  material.  E3q>erience  has  shown  that  the  number 
of  thermally  energized  electrons  overwhelms  the  number  of  controlled*valency* 
produced  holes  with  resultant  intrinsic  semiconduction  at  high  temperature* 
Numerous  examples  of  this  phenomenon  are  to  be  found  in  Tables  AI  and  AIII* 
Compositions  with  positive  Seebeck  coefficients  at  lower  temperatures  are  seen 
to  undergo  considerable  change  with  increasing  temperature,  the  Seebeck 
coefficient  falling  through  zero  to  sizeable  negative  values.  Lead  metaniobate 
and  lead  pyroniobate,  each  without  any  addition,  are  examples  of  this,  as  is 
PbNb20^  plus  1.0  /o  M0O3*  Other  compositions  are  seen  to  exhibit  a  maximum 
or  a  minimum  in  Seebeck  coefficient  as  a  function  of  temperature,  some  with 
and  some  without  chang^g  sign.  Examples  of  this  behavior  are  shown  by  TiO^  plus 
5*0*”/o  Sn02,  Ce 03+0.  2^/0  La^Oa,  Pb2Nb207  plus  l.O^/o  SbjOs,  and  PbNb206+ 

0*2  Sb205*  Thus  a  fundamental  characteristic  of  semiconduction,  hindering  the 
development  of  high  temperature  p*type  thermoelectrics,  presents  the  major 
obstacle  to  the  production  of  an  emcient  thermocouple  operating  over  the  tempera* 
ture  range  of  700  to  1200*C. 
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TABLE  I 

Identification  of  Raw  Materials 


Compound 

Antimony  (ous)  oxide,  SbjOj 
Antimony  (ic)  oxide,  Sb205 
Bismuth  trioxide,  BijOj 
Chromium(ic)  oxide,  Cr20) 
Ferric  oxide,  Fe203 
Lead  dioxide,  Pb02 
Magnesium  oxide,  MgO 
Molybdic  anhydride,  MoOa 
Stannic  oxide,  Sn02 
Stannous  oxide,  SnO 
Thallium  (ic)  oxide,  TI2O3 
Tungstic  anhydride, 
Lanthanum  oxide,  La203 

Neodynium  oxide,  Nd203 
Thorium  oxide,  Th02 
Cerium  oxide,  Ce02 
Yttrium  oxide,  Y2O3 
Lithium  carbonate,  Li2C03 

Nickelous  oxide,  NiO 


Source 

Fisher  Scientific  Co. , 
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Lindsay  Chemical 

Div, 

American 
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and 

Chemical 

Corp. » 
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II 

II 
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ff 

American  Potash  and 
Chemical  Corp. 

Baker  Chemical  Co. , 


Purity 
A- 860  99.7-7: 

A-857  Technical 
B-339  99.77. 

B-334  99.4 

1-116  99. 7 

L-101  "Special  Micro" 
M-51  99. 8 

A-174  99. 5 

T-148  99.4 

T-150  99. 9 

T-86  Purified 
A- 325  Purified 
99.  997. 

528 

629.  9  99.  9 

112  99. 9 

217  99. 9+ 

1115  99. 9 

Technical 

2796  99. 0 
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TABLE  1  (continued) 
Identification  of  Raw  Materials 


Compound 

Source 

Purity 

Niobiiun  oxide,  NbjOs 

Fansteel  Metallurgical 

COe  f 

721 

99.  5 

Tantaltun  oxide,  TajOs 

•1  ft 

521 

99.  5 

Titanium  dioxide,  TiOj 

TAM  Div. ,  National 

Lead  Co.  ,  Vapor  Phase 

98.4 

Zirconiiun  dioxide,  ZrOj 

TAM  Div. ,  National 
Lead  Co. » 

608 

99.  3 

Barium  titanate,  BaTi03 

TAM  Div.  1  National 
Lead  Co.  t 

510 

99.9 
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TABLE  n 


Identification  of  Compounds  Prepared 


Name  of  Compound  or 

Solid  Solution 

Formula 

Raw  Materials 

Sratheaie  Condition* 
Temp.  fime 

Zirconia-  yttria 

Solid  Solution 

Zr^*jYo.o70i.i65 

ZrOj,  YjQ, 

2300* F 

3  hr* 

Zirconia-  calcia 

Solid  Solution 

Zro,t5Ca#.  isOj,ss 

ZrO^f  CaC05 

2300 

3 

Zirconia- ceria 

Solid  Solution 

Zro.8jCeo.17Oj 

ZrOgt  CeOi 

2300 

3 

Lithium  metatitanate 

lijTiOj 

LiijOO^  TiOj 

1800 

3 

Lithium  Zirconate 

Lt  jZrOj 

2r02 

2200 

2 

Lithium  aluminate 

LiAlOj 

LiaCOjt  AljOs 

1700 

2 

Lithium  itannate 

LijSnO) 

li^0„Sn02 

1600 

2 

Lead  metaniobate 

PbNbjO* 

PbCO,.  Nb^Os 

1900 

3 

Lead  pyroniobate 

Pb2Nbj07 

ZPbCO)!  Nb205 

1900 

3 

Yttrium  orthochromite 

YCrO, 

Y2O21  Cr2Q2 

2300 

3 

Lanthanum  orthochromite 

LaCrOj 

Lia203p  Cr203 

2400 

3 

60  Cycle 


FIGURE  I 

AUXILIARY  CIRCUITI^Y  FOR  ELECTRICAL  MEASUREMENTS 


AUTOMATIC  RESISTANCE  RANGE  SWITCHING  OPERATION 


Relay  No. 


Pilot  light 


CIRCUITRY  FOR  MANUAL  MEASUREMENT  OF  RESISTIVITY 
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FIGURE  V 
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MODIFIED  CIRCUITRY  FOR  SKINNER  THERMAL  COMPARATOR 


To  apdcimen 
thermocouple  a 


FIGURE  Vm 
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ELECTRICAL  RESISTIVITY  AS  A  FUNCTION  OF  TEMPERATURE 
0  NbjOj  ADDITIONS  TO  TiOj 


^  i.0™/o  NbzOs 
O  2.0™/o  NbjOs 
S.O^/oNbzOs 


Il  1l  ll  ll  ll  ll  ll 

U  *a9  *39*39  *39  *39  *39  *39 


ID  in 

A  ^ 


m  m 

A  A 


S  3 

O 

0^01 


in  en 

o  ^ 

^  N 

O  -f*  O  I 


=  §$1$  sss^l  II 

iM  ^HinSin  oo5i«tn  n  m 


o  +  O  I 


O  +  Ol  0401 


^  00  ^  A  oo  o^oooo  mO^OQ  00  rsl  Q  QoOO  00  ^  00  M  O  ^  nl  Q 
n*  S  S  M  in  ^  <moo^  ^Sidm  v^inm^  ^oo^ 

oooS<^  A  #-4  IM  r*  00  o  o^om  ooo^on  <^oo9^ 


i  i  *3 
I  52  *2 
£  2  I 

<  <4  * 

«  W 

<  -d 
H  fl 


«  s 

o  o 


o  o 


I  ^ 
I  i 


J  i 

6  8 

M  in 


O 

•M 

H 


APPENDIX  NOb«78326 

tabu;  Ai  K^ntinued) 

of  Ceramic  and  l^lectrical  Properties  of  Simple  Oxides 
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